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Somite Formation: Where Left 
Meets Right 
Somites are the bilaterally symmetric embryonic precursors of the 
vertebrate skeleton and axial muscle. Three recent studies reveal that 
somites form asymmetrically in the absence of retinoic acid signaling. 
These results uncover an unexpected relationship between 
somitogenesis and left–right patterning, and suggest that bilateral 
somite formation is regulated along the left–right axis. 
Ava E. Brent 
The vertebrate body plan shows 
overall external symmetry, 
evident, for example, in the 
bilateral placement of the bones 
and muscles of the trunk and 
limbs. By contrast, the internal 
vertebrate body is largely 
asymmetric, as seen in the biased 
positioning of the heart, liver, and 
gut along the left–right axis. This 
combination is established during 
embryogenesis: a bilaterally 
symmetric template is initially laid 
down, and then later modified by 
signaling pathways leading to 
left–right asymmetry in the 
primordia of structures that will 
ultimately become asymmetric. 
Thus, symmetry is the foundation 
and left–right patterning is an 
independent program that 
becomes relevant only when 
establishment of left–right 
differences is required. In this 
view, the pathways instructing the 
developing heart to loop right or 
the gut to coil left, for example, 
would not be likely to interact with 
those regulating formation of the 
bilaterally symmetric bones and 
muscles. 
Now, however, three papers 
[1–3] describing new insights into 
the formation of somites, the 
precursors of the trunk 
musculoskeletal system, 
complicate this perspective. When 
retinoic acid (RA) signaling, known 
to function during patterning of 
the anterior–posterior axis [4,5], 
was disrupted during chick, 
mouse, and zebrafish 
embryogenesis, an unexpected 
result ensued: the somites, which 
normally arise as bilaterally 
symmetric, paired blocks of 
paraxial mesoderm on the 
embryo’s left and right sides 
(Figure 1A), instead developed 
asymmetrically, with a consistent 
delay on one side (Figure 1B,C). 
This surprising observation 
suggests that RA signaling is 
required to ensure symmetrical 
mesoderm segmentation, and that 
bilateral symmetry, rather than 
being the default state, is also 
regulated along the left–right axis. 
In vertebrates, somites are 
striking paradigms of bilateral 
symmetry. Formed from the 
anterior end of the unsegmented 
presomitic mesoderm (PSM), they 
develop in an anterior-to-posterior 
sequence at regular intervals 
(Figure 1A), concurrent with axis 
elongation. The somites then later 
differentiate to give rise to the 
vertebrae, ribs, and associated 
muscles and tendons of the axial 
skeleton — all of which maintain 
their prefigured metamerism [6]. 
Remarkable insights into the 
rhythmic formation of somites 
along the anterior–posterior axis 
have recently emerged [7]. 
Somitogenesis appears to be 
regulated by two mechanisms: the 
segmentation clock, a molecular 
oscillator that involves members 
of the Notch and Wnt signaling 
pathways, and a continuously 
regressing, posterior-to-anterior 
gradient of fibroblast growth 
factor (Fgf)/Wnt signaling in the 
PSM (Figure 1A) [7,8]. While the 
clock ensures constant timing of 
somite formation by generating 
periodic waves of gene 
expression along the PSM [7], the 
gradient results in a concentration 
threshold — the determination 
front — below which somite 
formation can occur [9,10]. 
Because the Fgf/Wnt signaling 
gradient recedes with axis 
formation, the number of PSM 
cells reaching the determination 
front during a clock cycle is 
constant, resulting in equal 
spacing of the somite boundaries. 
The position of the determination 
front is additionally controlled by 
an opposing anterior–posterior 
gradient of RA signaling, 
originating in the segmented 
region and negatively regulating 
the Fgf gradient (Figure 1A) [4,5]. 
Importantly, segmentation clock 
oscillations and determination 
front regression occur 
synchronously on the embryo’s 
left and right sides, resulting in 
simultaneous, bilateral 
somitogenesis (Figure 1A). 
As somite generation proceeds 
in the paraxial mesoderm, 
left–right patterning information is 
delivered to the lateral plate 
mesoderm (LPM) [11]. The genetic 
and epigenetic mechanisms of 
left–right symmetry-breaking differ 
among species; nonetheless, in all 
vertebrates examined so far, 
left–right instructions travel from 
the embryonic node to the LPM 
around the time of early 
somitogenesis [1,11], resulting in 
left-sided expression of two highly 
conserved left–right signaling 
pathway components, Nodal and 
Pitx2 (Figure 1A) [11], which, in 
turn, regulate the left–right 
patterning of organ primordia 
fated for left–right asymmetry. 
Interestingly, the mechanisms 
controlling left–right patterning 
and somite formation share some 
molecular players, including 
members of the Wnt, Fgf, Notch, 
and RA signaling pathways 
[11,12]. 
But concurrences between the 
programs of somitogenesis and 
left–right patterning 
notwithstanding, there was 
heretofore no evidence for direct 
interaction between them. Now, 
Vermot and Pourquié [3], Vermot 
et al. [2], and Kawakami et al. [1] 
reveal that inhibition of RA 
signaling during somitogenesis 
results not only in phenotypes 
consistent with a role for RA 
signaling in antagonizing the 
determination front, but also in 
delayed somite formation on one 
side of the embryo [1–3]. In chick, 
the delay was consistently on the 
left (Figure 1B) [3], and in mouse 
Dispatch 
R469 
and zebrafish, the right (Figure 1C) 
[1–3]; but in all three, interrupted 
somite formation on one side 
correlated with desynchronization 
of the segmentation clock (Figure 
1B,C), suggesting that the clock’s 
periodicity was no longer 
coordinated in the left and right 
PSM [1–3]. Additionally, anterior 
expansion of the Fgf8 gradient on 
the delayed side was seen in 
mouse and zebrafish (Figure 1C) 
[1,2], implying that suspended 
somite formation might also have 
been caused by asymmetries in 
left and right determination front 
levels. 
Interestingly, all three 
organisms showed a time 
window during which RA 
signaling inhibition caused the 
greatest asynchrony in left–right 
somitogenesis — a window 
correlating remarkably well with 
transfer of left–right patterning 
information from the node to the 
LPM [1–3]. This, and the finding 
that delayed somite formation 
was always restricted to one 
side, suggested that the left–right 
patterning pathway, in the 
absence of RA signaling, was 
influencing somitogenesis and 
subsequent asynchrony — a 
conclusion supported by 
additional observations that, in 
RA-signaling-deficient embryos, 
manipulations causing 
randomization of the left–right 
axis before transfer of patterning 
information to the LPM also 
resulted in randomization of 
asynchronous somitogenesis 
[1–3]. Why the somitic mesoderm 
should receive left–right 
information is unclear, and may in 
fact not be a reflection of any 
direct requirement there for 
left–right instructions. Rather, 
because some of the same 
signaling pathways, such as 
Notch, function independently 
during both left–right patterning 
and somitogenesis, and because 
left–right information arising from 
the node must pass through the 
PSM to reach the LPM, perhaps 
an unwanted transient 
desynchronization in somite 
formation occurs, for which RA 
signaling subsequently 
compensates. It is not yet known 
whether the source of this 
signaling is the same as that 
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Figure 1. In the absence of RA signaling, somitogenesis proceeds asymmetrically on 
the embryo’s left and right sides. 
(A) In the vertebrate embryo, bilateral somite (yellow circles) formation from the left and 
right sides of the anterior PSM is controlled by a combination of cyclic gene expression 
(green, circular arrow) and a posterior-to-anterior gradient of FGF8/Wnt signaling 
(purple), whose anterior boundary marks the determination front. An opposing RA sig­
naling gradient (red), originating from the segmented region, negatively regulates the 
position of the determination front. Somite formation occurs simultaneously on the 
embryo’s left and right sides, while, at the same time, left–right patterning information 
is transferred from the node (orange circle) to the LPM, resulting in induction of left­
sided gene expression (blue). (B) In a RA-signaling-deficient chick embryo, somite for­
mation is consistently delayed on the left side. Cyclic gene expression (green) is 
desynchronized in the left and right PSM. (C) In a RA-signaling-deficient mouse or 
zebrafish embryo, somite formation is consistently delayed on the right side. Cyclic 
gene expression (green) is desynchronized in the left and right PSM, and, in the right 
PSM, the determination front expands anteriorly. 
which refines the Fgf8 gradient, 
or if it originates elsewhere in the 
embryo, maybe in response to 
the left–right signaling pathway 
itself. 
Some species-specific 
differences were observed, 
possibly reflecting variations in 
left–right patterning mechanisms 
among species [11,13], or in 
experimental approach. As noted 
above, following inhibition of RA 
signaling, the sidedness of 
delayed somitogenesis differed in 
chick versus mouse and 
zebrafish, and asymmetry in the 
Fgf8 gradient was seen in mouse 
and zebrafish, but not chick. 
Moreover, when early left–right 
patterning steps alone were 
disrupted, without simultaneous 
repression of RA signaling, 
zebrafish showed asynchronous 
somite formation with no left or 
right bias [1], but no such effect 
was seen in mouse or chick [3]. 
Nonetheless, in all three, RA 
signaling was shown to 
orchestrate an unexpected 
relationship between bilateral 
somitogenesis and asymmetric 
patterning along the left–right 
axis, and to act as a buffer, 
preventing the left–right pathway 
from disrupting synchronous 
somite formation. 
Insight into the origin of this 
buffering requirement might be 
informed by examining the 
evolution of somitogenesis and 
left–right patterning. The phylum 
Chordata includes not only 
vertebrates, but also 
cephalochordates, such as 
amphioxus — assumed sister 
group to the vertebrates — and 
urochordates (tunicates). Two 
highly conserved components of 
the vertebrate left-sided 
patterning pathway, Nodal and 
Pitx2, have been identified in 
these invertebrates, and exhibit 
left-sided expression [14–16] 
preceding the appearance of any 
morphological asymmetries [14]. 
While the expression domains 
differ among the three chordate 
groups [14–16], this conservation 
of left-sided expression suggests 
that left–right patterning 
mechanisms predated the origin 
of the vertebrates. Somites, on the 
other hand, make their 
evolutionary debut with the 
cephalochordates, suggesting 
that somitogenesis arose within 
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an already left–right asymmetric 
body plan. Interestingly, in 
amphioxus, the somites, which 
form only axial muscle, are 
asymmetric throughout most of 
somitogenesis, with left-sided 
somites arising earlier and hence 
slightly anterior to those on the 
right [17]. Perhaps the 
cephalochordate body plan could 
tolerate the asynchrony, 
precluding the requirement for an 
RA-mediated buffering 
mechanism. But in vertebrates, 
where the somites generate both 
the axial muscle and vertebrae, 
the left and right somitic primordia 
must fuse at the midline to 
provide support and spinal cord 
protection. Left–right asymmetry 
here would thus likely have drastic 
consequences, and it is intriguing 
to speculate that a RA buffering 
mechanism arose in the 
vertebrate lineage to compensate 
for the ancestral template of 
asynchronous somitogenesis. 
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Circadian Clocks: Translation Lost 
One of the big questions in biological rhythms research is how a stable 
and precise circa-24 hour oscillation is generated on the molecular 
level. While increasing complexity seemed to be the key, a recent 
report suggests that circa-24 hour rhythms can be generated by just 
four molecules incubated in a test tube. 
Till Roenneberg1 and 
Martha Merrow2 
The film ‘Lost in Translation’ uses 
jet lag to construct its story: two 
Americans in a Tokyo hotel form a 
melancholic bond as they meet 
for days on end at odd times 
during the night, unable to sleep. 
Sleep propensity is controlled by 
at least two factors: the amount of 
time since we last slept, and our 
circadian clock. The latter is of 
great interest to both science and 
society — far beyond the luxury 
‘disease’ of jet lag — because it 
regulates processes from gene 
expression to behaviour. 
One of the burning questions in 
circadian research is how a 
limited set of molecules, so­
called ‘clock’ genes and proteins, 
can foster biochemical 
oscillations with such a long 
period. Not surprisingly, the 
models, explaining how circadian 
rhythms are generated at the 
molecular level have become 
highly complex. But a Japanese 
group [1] has now managed to 
make the circadian clock of 
cyanobacteria tick in a test tube, 
a finding that has great potential 
for further exploration and 
understanding of circadian 
clocks. 
After flying across time zones, 
our biological clock adjusts only 
slowly to the new local time, 
needing about one day for each 
hour time difference. This 
sluggishness is indicative of a 
robust, endogenous oscillator, a 
daily biological program which is 
not simply triggered by light and 
darkness. In artificial constant 
conditions, circadian rhythms 
cycle (free-run) at their own 
speed, with a period close to, but 
not exactly, 24 hours. An active 
‘entrainment’ process ensures 
synchronization to the earth’s 24 
hour rotation. 
Circadian rhythms have been 
demonstrated in organisms of all 
phyla, from pond scum 
(cyanobacteria) to humans, and 
their genetic basis has been 
intensely studied over the past 
decades. All models of the 
circadian clock share a common 
feature: a transcription–translation 
negative feedback loop (TTL), 
